Abstract: The microsporidian Encephalitozoon cuniculi is an intracellular eukaryotic parasite considered to be an emerging opportunistic human pathogen. The infectious stage of this parasite is a unicellular spore that is surrounded by a chitin containing endospore layer and an external proteinaceous exospore. A putative chitin deacetylase (ECU11_0510) localizes to the interface between the plasma membrane and the endospore. Chitin deacetylases are family 4 carbohydrate esterases in the CAZY classification, and several bacterial members of this family are involved in evading lysis by host glycosidases, through partial de-N-acetylation of cell wall peptidoglycan. Similarly, ECU11_0510 could be important for E. cuniculi survival in the host, by protecting the chitin layer from hydrolysis by human chitinases. Here, we describe the biochemical, structural, and glycan binding properties of the protein. Enzymatic analyses showed that the putative deacetylase is unable to deacetylate chitooligosaccharides or crystalline b-chitin. Furthermore, carbohydrate microarray analysis revealed that the protein bound neither chitooligosaccharides nor any of a wide range of other glycans or chitin. The high resolution crystal structure revealed dramatic rearrangements in the positions of catalytic and substrate binding residues, which explain the loss of deacetylase activity, adding to the unusual structural plasticity observed in other members of this esterase family. Thus, it appears that the ECU11_0510 protein is not a carbohydrate deacetylase and may fulfill an as yet undiscovered role in the E. cuniculi parasite.
Introduction
The Microsporidia Phylum, comprising over 1200 spore-forming species, encompasses unicellular eukaryotes, which are all obligate intracellular parasites. These fungi-related [1] [2] [3] parasites are considered opportunistic pathogens 4 and infect a wide range of identify the ECU11_0510 protein of the mammalian parasite Encephalitozoon cuniculi as a spore wall protein located at the sporont surface then in the inner part of the mature spore endospore. This 254 amino acid protein is predicted to contain an N-terminal signal peptide with a cleavage site between 15 and 16 or 17 and 18. Residues 234-253 are predicted to be a transmembrane helix in the outside-inside orientation, suggesting that this protein is anchored to the plasma membrane with a large extracellular domain. ECU11_0510 shows significant homology to the carbohydrate esterase 4 (CE4) family (CAZY database http://www.cazy.org). CE4 esterases are metal dependent enzymes that de-N-acetylate or de-O-acetylate saccharides, such as peptidoglycan, chitin in fungal cell walls, and acetyl xylan in plants. [20] [21] [22] [23] [24] [25] [26] [27] [28] The crystal structures and reaction mechanism of several members of this family have been determined. [21] [22] [23] 25 In some bacteria, these enzymes are important virulence factors and act by de-N-acetylating sugar residues on cell wall peptidoglycan. 28, 29 The positively charged de-N-acetylated peptidoglycan is no longer a substrate for mammalian lysozyme and helps the bacteria evade the host immune system. 28 It is possible that the ECU11_0510 protein, like other fungal CE4 esterases, is able to deacetylate chitin in the microsporidian spore. 21, 30, 31 This process may help the parasite evade the host immune response by conferring resistance against host glycoside hydrolases (e.g. chitinases) present in bacteria, plants and animals, including humans. Here, we report on the cloning, recombinant expression, characterization, and structure of this protein. Through a combination of enzymology, carbohydrate binding studies, and high-resolution X-ray crystallography, we show that this is an unusual member of the CE4 esterase family, which appears to have lost its catalytic activity and ability to bind carbohydrates.
Results

E. cuniculi ECU11_0510 is a putative chitin deacetylase
A recent report investigating cell wall proteins of the E. cuniculi spore identified a protein, ECU11_0510, that exhibited sequence similarity with carbohydrate esterase 4 family members. The protein sequence of the putative E. cuniculi chitin deacetylase was aligned with several fungal and bacterial CE4 esterases of known activity [ Fig. 1(A) ]. The alignment shows that sequence identity within the CE4 esterase family is low (8%; 16/202 residues in Colletotrichum lindemuthianum chitin deacetylase-(ClCDA). However, throughout the CE4 family, there are five common structural motifs, which contain important residues involved in metal binding and general acid-base catalysis [ Fig. 1(A) ]. [21] [22] [23] In previously studied active CE4 esterases, the second aspartic acid of motif 1 (Asp50 in ClCDA) and two histidine residues in motif 2 (His104 and His 108 in ClCDA) coordinate a divalent metal cation that is essential for activity. 21, 22 ECU11_0510 retains the metal-coordinating aspartic acid (Asp34); however, sequence alignments show that in ECU11_0510, the two histidines are nonconservatively substituted. Although this could suggest loss of activity, the structure of an active CE4 esterase with only two metal coordinating amino acids was recently reported. 25 This structure, of the Clostridium thermocellum acetyl xylan esterase, showed that only one of the two metal binding histidines in motif 2 is required for de-O-acetylation of acetyl xylan. ECU11_0510 contains a single residue, Asp92, that is, in theory, able to coordinate a divalent metal cation, perhaps with assistance of side chains from regions not directly identifiable by sequence alignment alone. CE4 esterases employ a general acid base catalysis (GABC) mechanism to deacetylate sugar substrates. In the ClCDA enzyme, Asp49 in motif 1 acts as the catalytic base. Hydrogen bonded interactions between the catalytic base and a highly conserved arginine residue (Arg142) present in motif 3 are also essential, as sitedirected mutation of either of these residues resulted in complete loss of activity in the Streptococcus pneumoniae peptidoglycan deacetylase (SpPgdA) protein. 22 However, in the E. cuniculi protein, these residues align with valine (Val33) and an alanine (Ala126), which would be unable to participate in GABC catalysis. It has been proposed that an aspartic acid (Asp172 in ClCDA) interacts with a histidine (His206) to form an activated histidinium ion, which is proposed to act as the catalytic acid, protonating the reaction intermediate. 22 In the E. cuniculi protein, these amino acids are retained at the sequence level in motifs 4 (Asp158)
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ClCDA are shown in a surface representation. A chitotrioside carrying the previously proposed oxyanion reaction intermediate was docked into the ClCDA active site as described previously 21 and then superposed onto the active sites of the ECU11_0510. The consensus sequence was generated by aligning 12 CE4 esterase sequences using T-coffee. Residues that are identical or show conservative substitutions and are present in 11/12 sequences are represented on the surface in orange and yellow, respectively. and 5 (His206). This partial conservation of the catalytic machinery prompted an investigation of the ability of the ECU11_0510 protein to function as an active CE4 esterase.
ECU11_0510 does not display chitin deacetylase activity
A region of the ECU11_0510 gene that encoded amino acids 17-233 was cloned into the Pichia pastoris secretory plasmid, pPICZaA. This region of the mature protein lacked a predicted signal peptide sequence (amino acids 1-16) and a predicted C-terminal transmembrane helix (amino acids 234-254), but retained a conserved N-terminal Cys22 [ Fig. 1(A) ]. This truncated gene was inserted into the genome of the Pichia pastoris X-33 strain, yielding over 100 mg of secreted recombinant ECU11_0510 per liter of culture. Contaminating proteins were successfully removed by anion exchange chromatography, and a subsequent gel filtration step yielded large amounts of pure protein suitable for biochemical characterization and crystallization trials.
Chitin deacetylase activity of recombinant ECU11_0510 was investigated using chitotriose, chitotetraose, and chitohexaose as substrates. As positive control, 500 nM ClCDA was tested in a 60 min assay containing 2 mM chitotriose. The ClCDA reaction that was subsequently incubated with fluorescamine generated relative fluorescence units corresponding to conversion of >90% of available substrate (data not shown). 21 In assays using chitotriose, chitotetraose, and chitohexaose, no chitin deacetylase activity was observed when 4 lM ECU11_0510 protein was incubated with chitotriose, chitotetraose, and chitohexaose substrates for 60 min in the absence of additional divalent metal cations. No enzyme activity was observed when 5 lM ZnCl 2 or 5 lM CoCl 2 were added to these assays. When the protein was incubated with 2 mM of all the aforementioned chitooligosaccharides for up to 16 h, no activity was observed under any of the conditions (Fig. 2) . This result suggests that the ECU11_0510 protein is unable to deacetylate short chitin oligomers but does not necessarily exclude its role in deacetylation of chitin polymers, other polysaccharides, or a carbohydrate binding function. For analysis of activity toward b-chitin, a new assay was developed that exploits the fact that conversion of partially deacetylated chitin by family 18 chitinases will yield longer products than their conversion of chitin. This is because of the fact that family 18 chitinases cannot cleave polymer chains with certain deacetylation patterns (DP) (Sørbotten et al., 2005; Horn et al., 2006) . After a variety of enzymatic treatments, reaction products were analyzed by MALDI-TOF-MS (see Fig. 3 ). The results show that the chitinase alone led to production of primarily dimers [and minor amounts of trimers; Fig. 3 Fig. 3(A) ]. When b-chitin was first incubated with AnCDA and then treated with ChiC, all observed oligomers had the composition D n A 1 , which was to be expected because AnCDA is known to deacetylate all but one of the sugars in chitooligosaccharides [Control reactions in which chitohexaose (A 6 ) was incubated with AnCDA yielded D 5 A 1 , whereas incubation with ECU11_0510 did not have any effect (not shown)]. Most importantly, the mass spectrum of this AnCDA -> ChiC two-step reaction showed the presence of longer reaction products with a DP up to 10 [ Fig. 3(B) ]. These longer products were not observed when b-chitin was incubated with AnCDA and chitinase C simultaneously. In the latter case, only trace amounts of oligomers with a DP of up to six were observed, as was the case for the reaction with only ChiC. Thus, under the conditions of the assay, ChiC works faster than AnCDA, meaning that we do not see Figure 2 . Activity of ECU11_0510 against oligomeric N-acetyl glucosamine (NAG) in the presence or absence of metal ions. ECU11_0510 (4 lM) was assayed using a fluorescamine-based method for 16 h at 37 C with 2 mM of NAG substrates and 5 lM. Colletotrichum lindemuthianum chitin deacetylase (ClCDA, 500 nM) was used as a positive control and the assayed contained 2 mM NAG3 and 5 lM ZnCl. Experiments were performed in triplicate and standard deviations from the mean are shown as error bars.
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an effect of deacetylation on the DP of the product when both enzymes are added simultaneously. All in all, these observations clearly show that AnCDA is capable of deacetylating chitin, whereas EcCDA is not.
The ECU11_0510 reveals structural plasticity in the CE4 esterase family
To understand why, despite showing significant homology to the CE4 esterase family, ECU11_0510 does not deacetylate chitooligosaccharides, the crystal structure of the enzyme was determined. The protein was crystallized in the presence of 10 mM DTT and 10 mM ZnCl 2 . Synchrotron diffraction data were collected to 1.5 Å, the structure solved by molecular replacement and refined to a final model with an R-factor of 0.197 (R free ¼ 0.214), and good geometry [RMSD (root mean square deviation) from ideal bond lengths and angles is 0.01 Å and 1.4
, respectively]. Two residues, Glu15 and Ala16, were introduced at the N-terminus as a result of the nucleotide sequence of the pPICZaA expression plasmid. Thirteen residues (221-233) at the C-terminus did not have well-defined density and were not modeled in the structure. The corresponding amino acids at the C-terminus of the structures of SpPgdA and ClCDA also do not form any secondary structure. 21, 22 The ECU11_0510 structure revealed a compact single domain similar to the deformed (b/a) 8 fold adopted by other CE4 family members [ Fig. 1(B) ]. Superposition on the structure of ClCDA gives an RMSD of 2.2 Å on 194 equivalenced Ca atoms. However, there are a few notable differences between the ECU11_0510 and ClCDA structures [ Fig. 1(B) ]. Firstly, the b1 strand of ECU11_0510 is displaced by 6 Å compared with the b1 strand of the ClCDA protein. One of the two N-terminal residues introduced from the expression vector sequence, Ala16 form part of the ECU11_0510 b1 strand [ Fig. 1(A,B) ]. Ala16 forms two hydrogen bonds from its backbone to the backbone of Val134. There is no structural equivalent of Val134 in the ClCDA, as the aligned residue, Cys148, is part of an intramolecular disulphide bridge. In ClCDA, two hydrogen bonds between the first five amino acids and its b6 strand, anchor the N-terminus into the alternative position. Secondly, the insertion of two amino acids in Motif 3 creates an additional strand (b6) between the b5 strand and the a4 helix in ECU11_0510 (see Fig. 1 ). This causes significant shifts in the backbone of the b5-a4 loop. Thirdly, in the area between the a4 helix and the a5 helix, ECU11_0510 is missing the b7 strand present in ClCDA. This strand is positioned at the start of motif 4, which contains a conserved aspartic acid essential for catalysis.
In addition, one of the two disulfide bridges present in ClCDA is also observed in the ECU11_0510 protein, linking the N-and C-termini [ Fig. 1(B) ]. Two further cysteines, Cys97 and Cys130, are found on the surface of the protein and participate in the formation of crystal contacts by coordinating zinc.
The ECU11_0510 active site is not compatible with amidase activity
The sequence conservation generated from aligning 12 CE4 esterases was mapped on to the surface of the Fig. 1(C) ]. The results showed that ClCDA contains a small patch of highly conserved residues covering the catalytic residues and the putative oligosaccharide binding site, formed by a well defined groove. In contrast that the ECU11_0510 protein contains only a minority of conserved residues within the active site. Furthermore, the surface in this region is very smooth and there is no active site groove that would be conducive to substrate binding.
A superposition of the ECU11_0510 protein onto the ClCDA structure shows significant differences in the active site region (see Fig. 4 ). The first and most obvious difference was that despite the growth of ECU11_0510 crystals in the presence of 10 mM ZnCl 2 , no electron density was observed for an octahedrally coordinated divalent metal cation within the active site. Analysis of the residues in motifs 1 and 2 involved in metal binding in other CE4 esterases show that only Asp34 of motif 1 is conserved, and maintains a position similar to the metal coordinating residues of other CE4 esterases (see Fig. 4 ). Two residues in motif 2 (Arg86 and Asp92) that align with the zinc coordinating residues of ClCDA, form a salt bridge with each other and therefore in the ECU11_0510 protein they are not positioned correctly to form a metal binding site with Asp34 (see Fig. 4) . Surprisingly, a zinc ion is present close to the active site region of ECU11_0510, $5.4 Å away from the metal ions observed in other CE4 esterases. The zinc atom coordinates to His185, which aligns with the histidine that in other CE4 esterases is thought to act as a catalytic acid within the GABC mechanism, and Cys97 0 from a symmetry related molecule (see Fig. 4 ).
Another major difference between the two structures is that the position of the catalytic base of ClCDA 4) . No other residue capable of acting as the general base in catalysis is observed near the active site of ECU11_0510. Furthermore, a previous study has shown that the catalytic acid of CE4 esterases is activated by a conserved arginine residue (Arg142 in ClCDA) and hydrogen bonding interactions between its side chain and the catalytic base are observed (see Fig. 4) . 22 Ala126 replaces this residue in the E. cuniculi protein and this amino acid is not able to perform a similar role (see Fig. 4 ). In the ECU11_0510 structure three water molecules (226, 254, and 266) lie in similar positions to the Arg142 side chain of ClCDA, filling a pocket within the centre of the protein.
Interestingly, both the catalytic acid (His185) and Asp158, which interacts with the catalytic acid, are conserved in the E. cuniculi protein. The Ne atoms of the catalytic histidines in ECU11_0510 and ClCDA occupy similar positions. However, the activating Asp158 has shifted significantly, away from the active site [ Fig. 4(B) ], with a 7.1 Å shift in the position of the Ca atoms of the aspartate residues in ECU11_0510 and ClCDA proteins. The difference in the position of this Asp residue is due to a movement of the b7-a5 loop, most likely caused by a region which is eight amino acids shorter in this protein (see Fig. 1 ). The different conformation of the b7-a5 loop also affects the position of the neighboring conserved aromatic residue, Tyr159, which is thought to contribute to hydrophobic stacking interactions with the sugar rings of the polysaccharide substrate in ClCDA (Tyr173, Fig.  4) . 21 In the ECU11_0510 protein, Tyr159 is positioned 11 Å away from the active site, and no other similarly exposed aromatic residue is present to form such interactions with the substrate.
Does ECU11_0510 bind other carbohydrate ligands?
Although the putative active site of ECU11_0510 does not appear to be compatible with chitooligosaccharide deacetylation, it is possible that the protein has evolved from a carbohydrate active enzyme to a lectin, binding carbohydrate structures within the E. cuniculi cell wall. It has been shown recently that the microsporidian spore wall contains glycosylated proteins, decorated by O-mannosylation with up to eight a 1,2 linked mannoses. 32 To test this hypothesis, the recombinant ECU11_0510 protein produced in Pichia pastoris was analyzed for its ability to bind over 250 glycans on carbohydrate microarrays by the Functional Glycomics Consortium. The top four hits for ECU11_0510 binding on the microarray were all human serum glycoproteins [ Fig. 5(B) ]. Typically, each of these glycoproteins has a different assortment of carbohydrate chains. This may suggest that either ECU11_0510 is able to bind to a wide range of sugars present on the surface of these proteins or that it binds nonspecifically to these proteins.
The relative fluorescent units (rfu) observed when ECU11_0510 binds to these glycoproteins is much lower than that observed when a protein with known carbohydrate binding capacity binds to a bonafide ligand on the microarray. For example, an inactive mutant (D138V/E140I) of human chitotriosidase (HsCHT) (Ref. 35) was analyzed under the same conditions and the rfu value observed when it binds chitopentaose is one order of magnitude higher than those seen when ECU11_0510 binds to transferrin [ Fig.  5(C) ]. Additionally, relatively low rfu values are observed for the top hits of the ECU11_0510 protein and this may indicate that binding to these glycoproteins is not significant. Indeed, HsCHT exhibited similar or up to 14 times greater rfu values against the same human serum glycoproteins than those observed with ECU11_0510. Despite these generally higher levels of background rfu values, known chitooligosaccharide ligands of HsCHT exhibited much greater rfu values on the microarray.
To test the hypothesis that ECU11_0510 may bind to high molecular weight chitin, not present on this microarray, both the ECU11_0510 and the chitin binding domain of the VcGbpA protein were analyzed for their capacity to bind to polystyrene beads coated in chitin (average size 750 kDa) (NEB). Both proteins were added to 50% of the binding capacity of the beads, incubated at 4 C for 16 h and 37 C for 1 h before washing. Analysis of binding to chitin beads by SDS-PAGE [ Fig. 5(A) ] showed that the majority of the 8 kDa VcGbpA chitin binding domain remained bound to the chitin beads and a small amount of this protein was observed in the supernatant. No protein was observed in the first wash of the beads suggesting it was tightly bound to the beads. In contrast, when the 24 kDa ECU11_0510 protein was incubated at either 4 or 37 C, no binding to the beads was observed [ Fig.  5(A) ]. The vast majority is observed within the supernatant fractions suggesting that this protein is unable to bind to the high molecular weight chitin present on the surface of the beads.
Discussion
Here, we have reported the biochemical and structural characterization of the only E. cuniculi carbohydrate esterase family 4 (ECU11_0510) annotated within the CAZY database (www.cazy.org). We previously reported the production of a recombinant form of the ECU11_0510 protein. 19 However, the original construct containing residue 32-329 expressed poorly and produced insufficient quantities for protein crystallography studies. This low level of expression can be explained by analysis of the structure (see Fig. 1 ). This shows that the b2 strand (residues 27-33) that contributes to motif 1 would have been disrupted within the original construct. Furthermore, the original construct lacks highly conserved cysteine (Cys22) of fungal chitin deacetylases and the intramolecular disulphide bridge with Cys237 that we observe in the structure could not have formed. Expression of the region encoding amino acids 17-233 in a Pichia pastoris expression system described in this article produced extremely high yields and enabled further characterization. The deacetylase activity of the protein toward chitooligosaccharides was investigated using a fluorescamine-based assay that measured the production of free amines. 22 Although the chitin deacetylase from the fungi Colletotrichum lindemuthianum showed significant deacetylase activity against chitooligosaccharides, the E. cuniculi protein exhibited no de-N-acetylase activity. Lack of activity toward b-chitin was confirmed using an MS-based assay. Apart from confirming that ECU11_0510 does not work on chitohexaose, this assay showed that while AnCDA could deacetylate crystalline b-chitin, ECU11_0510 could not. Structural analysis revealed that several known CE4 esterase catalytic and metal binding residues are missing from active site of the E. cuniculi protein, suggesting that the ECU11_0510 protein is not an active chitin deacetylase. Because of the mutated catalytic machinery it is improbable that this enzyme would be able to catalyze the deacetylation of any substrate, unless a second separate active site is present. The lack of CE4 esterase activity does not rule out the possibility that the ECU11_0510 protein has evolved into a lectin, as reported, for instance, for inactive homologues of chitinases in mammals. [33] [34] [35] [36] There is already evidence to suggest that the protein may be involved in development of the endospore layer in E. cuniculi. After infection of a host cell, the parasite proliferates to form meronts that differentiate into sporonts (sporogony) then sporoblasts. The latter ultimately transform into mature spores where the deposition of chitin in the cell wall is first observed. Immunocytochemical experiments revealed that during sporogony the ECU11_0510 protein is regularly distributed at the interface between the plasma membrane and the chitinous endospore. 19 Therefore, it is attractive to hypothesize that ECU11_0510 may be involved in the deposition and modeling of chitin within the endospore during sporogony within the human host cell or in the spore wall structure maintenance by binding to spore wall glycoproteins. To investigate this hypothesis the binding of ECU11_0510 to polymeric chitin and oligomeric chitin on carbohydrate microarrays was investigated. These studies suggested that ECU11_0510 lacks the ability to bind short chitooligosaccharides and polymeric chitin.
Screening of 256 carbohydrate ligands, predominantly present in humans, was performed in an attempt to identify any such ligands. No significant binding was observed to any of the carbohydrates on these microarrays. The results of all of the binding studies were corroborated by the analysis of the crystal structure. Three aromatic residues (Trp79, Tyr145, and Tyr173) thought to be involved in forming stacking interactions between the sugar substrate and the ClCDA are missing from the active site of ECU11_0510. We cannot exclude that this lack of binding to carbohydrates of human origin is linked to the nature of the glycosylation. Recently, in E. cuniculi we detected only O-linked glycans which consist of fungi-like linear mano-oligosaccharides containing up to eight a1,2-linked mannose residues. 32 The glycomic screen contained several carbohydrates that contained two a1,2-linked mannose residues (Glycan numbers 189, 194, and 196) but longer chains were not present. No significant binding was observed to these short mannose chains [ Fig. 5(B) ]. Analysis of chitin deacetylase protein sequence of other fungi and a second, distantly related, Microsporidian parasite, Antonospora locustae, shows that the putative E. cuniculi enzyme has one striking feature that distinguishes it from all of the other CE4 esterases. ECU11_0510 is the only member of the entire CE4 family (>1700 sequences in the current CAZY database) where the aspartic acid thought to act as the catalytic base is mutated. As a result of its parasitism, E. cuniculi has one of the smallest and highly condensed eukaryotic genomes. 37 Moreover, comparison of E. cuniculi and A. locustae genome sequences has suggested that Microsporidia paradoxically possess rapidly evolving genes in slowly evolving genomes. 7 Therefore, it is tempting to suggest that the ECU11_0510 protein was once an active CE4 esterase, essential to the ancestor of the parasite. Interestingly, studies of yeast and fungal CDA knockouts have revealed that they are essential for spore germination and/or the separation of mother and daughter cells. 20, 30, 31 The product of chitin deacetylation, chitosan, is a much more flexible polymer than chitin. Indeed, chitosan synthesis is regulated and increases during the infection of plant leaves by the maize fungal pathogen Colletotrichum graminicola. 38 However, in E. cuniculi, the development of the unique polar tube invasion mechanism negates any need for a more motile cell wall during invasion. Furthermore, the rigidity of the infectious spore is enhanced by the presence of chitin in the endospore, and this important property for spore survival would be disrupted by chitosan production. As the parasite evolved, the CE4 esterase may have become functionally obsolete. It is tempting to speculate that the protein we have studied currently is evolving/has evolved toward a new and as yet unidentified function, which should be important enough for the parasite to maintain it. Studies of a knockout of the ECU11_0510 gene would help to elucidate the function of this enigmatic protein. We are currently developing methods with the aim to producing knockouts in E. cuniculi, which would be of considerable use in further studies of this emerging human pathogen.
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Materials and Methods
Cloning of the ECU11_0510 gene E. cuniculi was grown in vitro on MDCK (MadinDarby canine kidney) cells, in minimum essential medium (MEM) supplemented with 5% fetal calf serum and 2 mM glutamine at 37 C in a 5% CO 2 atmosphere. Spores were harvested from supernatants (18,000 g, 2 min), washed and stored in phosphate buffered saline (PBS) at 4
C. E. cuniculi genomic DNA was purified using the Elu-Quik Glaspulver Kit (Schleider and Schuell) and resuspended in water and used to amplify the entire ORF of the ECU11_0510 protein using the following primers:
11-0510D 5 0 -AAAAAGCAGGCTCCGCCATGTTAC TTTGCCTACTATAC-3 0 and 11-0510R 5 0 -AGAAAGCTG GGTTTACAGAAGCCTTACTAAC-3 0 . A second PCR was performed using the first PCR product as template with the aim of extending the region homologous to the plasmid pDONR221. We used the following primers: attB1 5 0 -GGGGACAAGTTTGTACAAAAAAGCAGG CT-3 0 and attB2 5 0 -GGGGACCACTTTGTACAAGAAA GCTGGGT-3 0 . The second PCR product was inserted in the pDONR221 vector (Invitrogen) by recombination (BP reaction). The pDONR221 ECU11_0510 plasmid was used as template to amplify a region corresponding to amino acids 17-233, using the following primers: ECU11_051017_For 5
0 -CTCGAGAAAAGAGAGGCTGAA GCTGATGTCCCTGACGTGTGCAC-3 0 and ECU11_0510 233_Rev 5 0 -CCGCGGTCATCACTTTCCTCTCAGGCT GAG-3 0 . A 5 0 XhoI and 3 0 SacII site are shown in italics and two stop codons in the reverse primer are shown in bold. A secretory peptide cleavage sequence of amino acids was encoded in the forward primer (underlined) for cloning into the P. pastoris secretory expression vector, pPICZaA (Invitrogen).
The nucleotide sequence of the PCR fragment was determined by automated nucleotide sequencing on an automatic sequencer (ABI 377, BioRad). An insert was excised from the pDONR221 ECU11_0510 plasmid by digestion with XhoI and SacII and ligated into the pPICZaA plasmid digested with the same enzymes.
Expression and purification
Competent X-33 Pichia cells were produced using the LiCl method described by the supplier (Invitrogen). A total of 5 lg of the pPICZaA ECU11_0510 D17-233 plasmid was linearized with PmeI at 37 C for 2 h and transformed into the competent X33 cells according to the manufacturer's instructions. Transformed cells were incubated in 1 mL of YPD at 30 C for 1 h. Subsequently, 100 lL was removed and plated onto YPD plates containing zeocin (100 lg/mL) and incubated at 30 C. Colonies appeared after 3 days. A single colony was used to inoculate 2 mL Â 100 mL of BMGY media, and the cultures were grown overnight at 30 C. Cells were collected by centrifugation at 3500 g, 30 min, 4 C, resuspended and used to inoculate 2 mL Â 500 mL of BMMY media in 5 L flasks. Cultures were incubated at room temperature at 150 rpm, with the addition of 5 mL (1% v/v) methanol every 24 h. After 4 days, cells were removed by centrifugation as above, and the supernatant was passed through 0.8 lm and 0.2 lm filter units. The filtrate was concentrated using a Vivaflow 50 mL 10,000 Mw cutoff concentrator (Sartorius) and dialyzed twice against 5 L of 25 mM Tris, pH 8.0, at 4 C. A final dialysis step into 5 L of 25 mM Hepes, pH 8.0, 25 mM NaCl, 4 C for 4 h was performed. Approximately 40 mg (20 mL) of the dialyzed sample was loaded on to a Hi-trap QC anion exchange column, previously equilibrated with five column volumes of 25 mM Hepes, pH 8.0, 25 mM NaCl. Proteins were eluted using a gradient of NaCl from 25 to 500 mM over 20 column volumes and 3 mL fractions were collected. The major contaminating proteins were eluted before 150 mM NaCl had passed through the column. Recombinantly produced ECU11_0510 was present in the fractions containing 190-480 mM NaCl. The corresponding fractions were pooled and concentrated to a 5 mL volume using a Vivaspin 10,000 Mw cutoff filter and loaded onto a Superdex 75 26/60 gel filtration column equilibrated with 25 mM Hepes, 150 mM NaCl. Two peaks at OD 280 were observed and a calibration curve suggested these were close to the theoretical molecular weights of monomeric and dimeric forms of ECU11_0510. Fractions containing the ECU11_0510 monomer were pooled and concentrated to 19.4 mg/mL as above.
Fluorescamine-based assay of activity toward chitooligosaccharides
Both dimeric and monomeric forms of ECU11_0510 were tested for chitin deacetylase activity using a 96-well plate assay previously reported by Blair et al.
22
Standard reactions consisted of 4 lM chitin deacetylase, 5 lM CoCl 2 or ZnCl 2 , 50 lM Bis-Tris (pH 7.0) and 2 mM chitooligosaccharide (Sigma)in a total volume of 50 lL, incubated for 1 h or 16 h at 37 C. The reactions were stopped by the addition of 0.4M borate buffer, pH 9.0. Free amines were labeled by the addition of 20 lL of 2 mg/mL fluorescamine in dimethylformamide (DMF) for 10 min at room temperature. The addition of 150 lL H 2 O/DMF (1:1) stopped the labeling reaction. Fluorescence was quantified using a FLX 800 Microplate Fluorescence Reader (Bio-Tek, Burlington, USA), with excitation and emission wavelengths of 360 and 460 nm, respectively. A total of 500 nM of recombinant ClCDA purified as described previously was tested under identical conditions as a positive control. 39 All measurements were performed in triplicate.
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Activity assay against b-chitin 2 and 500 nmol of deacetylase in 20 mM Tris, pH 7.0. Addition of the chitinase (500 nmol) increased the reaction volume by 3 lL. Two control reactions were run in parallel: b-chitin incubated with ChiC solely, and bchitin incubated with AnCDA and ChiC simultaneously. The reactions were stopped by boiling for 3 min. After centrifugation, oligosaccharide products in the liquid phase were analyzed using MALDI-TOF-MS, using an Ultraflex instrument (Bruker Daltonics) with a Nitrogen 337 nm laser beam operated in positive acquisition mode, using 2,5-dihydrobenzoic acid as matrix.
Carbohydrate microarray analysis
Recombinant ECU11_0510 protein and an inactive mutant of full length Homo sapiens HsCHT D138V/ E140I mutant protein was generated by site-directed mutagenesis (Ref. 35 ) and analyzed for glycan binding by Core H of the Consortium of Functional Glycomics (http://www.functionalglycomics.org) using the Printed Array Version 2. This microarray contains a library of 264 natural and synthetic glycans with amino linkers, printed onto chemically-modified glass microscope slides. Glycans were spotted at 100 lM concentrations on the array. The rECU11_0510 and HsCHT proteins were labeled with Alexa Fluor 488 using the Invitrogen Alexa Fluor 488 Protein labeling kit. Both labeled proteins were incubated on the glycan slides for 1 h under a cover slip at room temperature in a humidified chamber and the fluorescence of bound protein was analyzed after several washing steps. Samples were washed four times each in the following three solutions: (1) 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 0.05% Tween-20, (2) Buffer 1 without Tween-20 and (3) deionized water. Slides were spun dry for 30 s and then scanned on the ProScanArray Express from Perkin Elmer using fluorophore Alexa488 (Excitation at 495 nm and Emission measured at 520 nm).
Detection of chitin binding
Recombinant ECU11_0510 protein was incubated with chitin beads (NEB) for either 16 h at 4 C or for 1 h at 37 C. The chitin binding domain of the Vibrio cholerae GbpA protein (kindly provided by Dr. Edmond Wong, Dundee University) (Kirn, Jude et al., 2005) was used as a positive control for chitin bead binding. 100 lL of chitin beads, with a predicted binding capacity of 200 lg protein were incubated with 100 lg of either recombinant ECU11_0510 or VcGbpA protein. This suspension was made to a final volume of 400 lL with 25 mM Tris, pH 8.0, 150 mM NaCl and placed on a slowly rotating platform. After incubation with the protein the beads were collected by centrifugation at 400 g for 3 min and washed three times in the above buffer. The supernatant from the centrifuged suspension and from the first wash of the beads was retained. 15 lL of beads, supernatant and first wash were analyzed on a 10% acrylamide SDS-PAGE gel in MES buffer. The expected size of the ECU11_0510 protein is 24 kDa, whilst the GbpA protein domain is 8 kDa. A small amount of degradation had occurred in the recombinant ECU11_0510 sample and a second band of 10 kDa was observed on the gel.
Crystallization and structure solution
Before crystallization, 10 mM dithiothreitol and 1 mM ZnCl 2 were added to both the concentrated ECU11_0510 protin and the reservoir solutions of all crystallization conditions. Crystals were produced with the sitting drop vapor diffusion method using 0.5 lL of protein solution and an equal volume of mother liquor consisting of 10% PEG 8000, 100 mM imidazole and 200 mM calcium acetate. Better quality diffracting crystals formed following the addition of ZnCl 2 to a final concentration of 10 mM, producing small rodlike crystals after 2 days. Crystals were cryoprotected by transferring to mother liquor containing 20% PEG 400 and were then frozen directly in a nitrogen cryostream for data collection. Data were collected on beamline ID14-2 at the European Synchrotron Radiation Facility (Grenoble, France) and processed with the HKL suite of programs. 40 The data between 20 and 1.50 Å were scaled in P2 1 2 1 2 (a ¼ 64.98, b ¼ 81.92, c ¼ 39.20 Å; one molecule per asymmetric unit) with an overall R merge of 0.050 (0.374 for the last shell), 99.5% completeness (97.8% for the last shell) and 3.4-fold redundancy (3.1-fold for the last shell). The structure was solved by molecular replacement with AMoRe, 41 using the catalytic domain of the SpPgdA structure (PDB entry 2C1G) as a search model against 12-3.5 Å data. The model phases from the top solution (R-factor of 0.523) were used as input for warpNtrace, 42 which built 201 of 217 residues. Refinement was performed by REFMAC 43 interspersed with model building in COOT. 44 Figures were generated using the PyMOL Molecular Graphics System, DeLano Scientific (http://www.pymol.org).
